Objectives-To compare the accuracy of a new regression-derived formula developed from the National Fetal Growth Studies data to the common alternative method that uses the average of the gestational ages (GAs) calculated for each fetal biometric measurement (biparietal diameter, head circumference, abdominal circumference, and femur length).
S
ince the widespread assimilation of fetal sonography into obstetric practice, anatomic measurements of the fetus have been used to estimate gestational age (GA). 1 The best estimates have been based on biometric measurements, such as the biparietal diameter, head circumference, abdominal circumference, and femur length; however, as pregnancy progresses, there is increased estimation variability and lower precision. [2] [3] [4] [5] With the introduction of the regression-derived formulas of Hadlock et al 6 in 1984, a composition of all 4 biometric measurements has become a commonly accepted method for estimating GA. Despite the utility of this and other analogous regression-derived formulas, which simultaneously consider all 4 measured parameters, the default factory settings of widely available ultrasound machines in the United States use the Hadlock formulas for individual biometric parameters and the unweighted average to estimate GA (J. Smith, personal communication, March 3, 2017; and A. Alexander, personal communication, July 25, 2016).
Recently, a new regression-derived formula for estimating GA from fetal biometric measurements was developed and validated by Skupski and colleagues, 7 using data from the National Fetal Growth Studies-Singletons, a large prospective multicenter observational study sponsored by the Eunice Kennedy Shriver National Institute of Child Health and Development (NICHD). From these data, a new regression-derived formula used for estimating GA from the 4 fetal biometric measurements was developed, validated, and judged superior compared to the Hadlock regression-derived formula. 7 However, since the superiority of the unweighted biometric average versus a regression-derived formula estimating technique is not clear, 8, 9 we aimed to compare the accuracy of the NICHD regression formula to the commonly used alternative method that estimates GA from the unweighted average method in a general obstetric population.
Materials and Methods
We conducted was a retrospective cross-sectional study of gravid women who underwent a standard or specialized sonographic examination at a single tertiary care center between January 2013 and December 2015. We queried our sonographic database and identified all pregnancies with a first-trimester sonogram that included a crown-rump length and at least 1 second-or thirdtrimester scan with complete biometric measurements (ie, biparietal diameter, head circumference, abdominal circumference, and femur length). Multiple gestations and pregnancies complicated by clinically important fetal anomalies or fetal demise were excluded. The crownrump length from the first-trimester sonography was used to establish a consistent estimated date of delivery. 10 Our sonographic data base is approved for research by the Institutional Review Board at the University of Alabama at Birmingham, and all examinations were deidentified. By a transvaginal or transabdominal approach, the crown-rump length was measured across the length of the fetus from the top of the head to the bottom of the buttocks. The biparietal diameter was measured at the level of the thalami and cavum septi pellucidi or the cerebral peduncles as the linear distance from the outer edge of the proximal to the inner edge of the distal skull, whereas the head circumference was measured at the same level (and often on the same images) by the ellipse function around the outer perimeter of the skull. The abdominal circumference was measured by the ellipse function circumscribing the actual or projected skin line in the transverse plane at the level of the stomach and the junction of the umbilical vein and portal sinus. The femur length was measured as the linear distance between the midpoints of each end of the calcified femoral diaphysis. All sonographic examinations were performed by registered sonographers using Voluson E10, E8, or 730 Expert units (GE Healthcare, Milwaukee, WI), with all images reviewed by maternal-fetal subspecialists.
To estimate the GA using the regression-derived formula, we used the formula reported by Skupski and colleagues 7 : GA (weeks) 5 10.6 2 0.168 3 biparietal diameter 1 0.045 3 head circumference 1 0.03 3 abdominal circumference 1 0.058 3 femur length 1 0.002 3 biparietal diameter 2 1 0.002 3 femur length 2 1 0.0005 3 (biparietal diameter 3 abdominal circumference) 2 0.005 3 (biparietal diameter 3 femur length) 2 0.0002 3 (head circumference 3 abdominal circumference) 1 0.0008 3 (head circumference 3 femur length) 1 0.0005 3 (abdominal circumference 3 femur length).
To estimate GA using the average method, the GA associated with each of the 4 biometric measurements was calculated as described by Hadlock et al 6 using individual regression formulas (GA biparietal diameter 1 GA head circumference 1 GA abdominal circumference 1 GA femur length )/4, after which the unweighted mean was computed to establish the GA estimate. 6 Our primary outcome of interest was the mean error (in weeks' gestation) associated with each method. Each method's (regression versus average) error at the second-or third-trimester sonographic examination was computed. Error was defined as the difference between the crown-rump length-derived GA and each method's predicted GA in weeks. Next, we compared mean errors in 3 prespecified GA intervals as determined by the crown-rump length-derived GAs: interval 1 (14 weeks-20 weeks 6 days), interval 2 (21 weeks-28 weeks 6 days), and interval 3 (29 weeks). Finally, we estimated the proportion of each method's examinations that had errors outside prespecified (6) day ranges using odds ratios. For interval 1, the error range was 67 days; interval 2 was 6 10 days; and interval 3 was 6 14 days.
Statistical tests were performed with SAS version 9.3 software (SAS Institute Inc, Cary, NC). We used a repeated-measures analysis of variance to compare mean errors between the methods to control for multiple examinations in the same patient. Generalized estimating equations, which also controlled for multiple examinations, were used to compare proportions of estimated GAs outside predefined error ranges, where effects are presented as odds ratios and 95% confidence intervals. An a level of .05 was selected to define statistical significance.
Results
Of the 6043 women who met inclusion and exclusion criteria, there were 6317 separate pregnancies with 16,904 distinct examinations identified and available for analysis. The patient population was diverse in both race and ethnicity, and scans were performed throughout pregnancy, with most in the early second and early third trimesters (Table 1) . Primary indications for sonography were varied as well, with the most common indications being those that specifically sought a fetal size estimate for either a concern of aberrant fetal growth or the inability to assess growth clinically ( Table 2) .
The regression-derived formula was associated with a significantly smaller mean error than that of the average method (20.004 versus 0.015 weeks; P < .01). When stratified by GA intervals, this improvement was noted across the entire GA spectrum (Table 3) . Cawyer et al-Regression-Derived Formula Versus the Biometric Average Moreover, the regression formula was associated with significantly lower odds of having an examination out of range in both intervals 2 and 3. This difference was most pronounced in the third trimester (interval 3), in which there were 24% higher odds of having an examination out of range when using the average method compared to the regression formula (Table 4) .
Discussion
The regression-derived formula was associated with smaller mean errors than the unweighted average of the 4 biometric measurements across all GAs evaluated. The regression formula was also superior to the average method, with significantly smaller proportions of examinations outside prespecified error ranges in the late second and third trimesters, as reflected in the odds ratios. This latter result may have been due to anticipated greater variability in GA estimates derived from the average than from the regression formula, as noted in Table  3 , as greater variability would produce more examinations out of a specified range of error. With respect to interval 3, the observed difference could have been the result of a larger standard deviation for the average error (1.28) compared to the regression formula (1.21; Table 3 ). The use of multiple fetal biometric parameters to derive regression formulas for estimating GA has been reported numerous times since the introduction of sonography, and each subsequent formula has shown improvement in accuracy over formulas incorporating fewer than 3 measurements. 6, 9, 11, 12 As ultrasound technology has improved, and obstetric estimates have become more precise with in vitro fertilization, these formulas continue to be assessed and validated. 9, [13] [14] [15] Although these different formulas have been judged suitable across all races/ethnicities, one advantage of the NICHD regression formula was its derivation from a large multiracial/ethnic population. 16 Participants selected to establish the formula were representative of the current US gravida population compared, for example, to the relatively small sample of middle-class white women used to develop the Hadlock formulas. 6, 16 Our study was unique in that it had one of the largest samples assembled to compare GA-estimating formulas. 13, 14 In addition, the entire study population had a crown-rump length that established the GA, thus allowing the most accurate form of sonographic dating to establish the estimated date of delivery. 17 Additionally, all scans were performed by registered sonographers using modern ultrasound units in an American Institute of Ultrasound in Medicine-accredited center. However, we acknowledge limitations to our study, including its retrospective, single-center design. Furthermore, the indications for sonography were not specifically for estimating GA. The sonograms used for the biometric measurements, although reviewed and approved by maternal-fetal subspecialists, did not undergo a rigorous external independent review process. Nevertheless, despite the absence of a rigorous review process, these images and associated measurements were consistent with those that have been used for obstetric care in a large clinical setting for over 2 years and are representative of measurements that would be obtained in a general obstetric population at other ultrasound facilities. With formula adoption across homogeneous patient populations, similar results would likely have been observed.
In conclusion, we have demonstrated that in a contemporary unselected population of women dated by crown-rump length, the NICHD regression formula was associated with smaller errors and fewer out-of-range GA estimates than the commonly used Hadlock average method. This improved accuracy existed across all GAs but was most pronounced in the third trimester. With the introduction of this formula into ultrasound software, further studies can be designed to assess the impact of improved GA estimation, potentially leading to improved perinatal outcomes.
